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[Abstract] Searching for new energy-saving method of controlling antiferromagnetic (AFM) 
domain wall is one of the most important issues for AFM spintronic device design. In this 
work, we study theoretically and numerically the domain wall motion in AFM nanowires 
driven by electric voltage induced anisotropy gradient. The domain wall velocity depending 
on the gradient and intrinsic material properties are simulated based on the 
Landau-Lifshitz-Gilbert equation and also deduced using the energy dissipation theorem. The 
domain wall moves at a nearly constant velocity for small gradients, while accelerates for 
large gradients due to the enlargement of the domain wall width during the motion. 
Furthermore, the calculated results are confirmed to be independent of the lattice dimension. 
Comparing with those electric current driven methods, the anisotropy gradient driven domain 
wall motion through tuning electric voltage on particular heterostructures is expected to be 
more energy saving. Thus, our work unveils a promising method of controlling AFM domain 
walls, and does provide useful information for future AFM spintronic applications. 
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Ⅰ. Introduction 
Nowadays, the interest in antiferromagnets significantly increases due to their potential 
applications for spintronics.1,2 Comparing with ferromagnets based storage devices, 
antiferromagnets based devices are more stable against perturbing magnetic fields and could 
be designed with high element densities without producing any stray fields, attributing to zero 
net magnetization and ultralow susceptibility in antiferromagnetic (AFM) elements.3-5 
Moreover, AFM materials show fast magnetic dynamics including the spin wave modes with 
high frequencies resulted from their complex spin configurations, which favors them for 
promising potentials in future devices.6 
One of the major challenges for AFM spintronic applications is how to manipulate AFM 
domain walls (DWs), and a number of driving methods including spin waves,7 spin-orbit 
torques,8,9 asymmetric magnetic fields,10 and thermal gradients11-13 have been theoretically 
proposed to drive DWs in antiferromagnets. For example, a high speed ~30 km/s of the DW 
motion was predicted driven by the electrical current induced Néel spin-orbit torques which 
are available in CuMnAs14 and Mn2Au
15. Furthermore, it has been revealed that the 
competition between the entropic torque and the Brownian force under temperature gradient 
determines the direction of the DW motion. Importantly, in these control schemes, the AFM 
DWs remain non-tilted, and the high wall mobility is suggested due to the absence of the 
walker breakdown16,17 which limits the motion of typical ferromagnetic DWs.  
These proposed methods are very meaningful for future experiments and device design, 
while several shortcomings still deserve to be overcome. For example, the Néel spin-orbit 
torques only arise in particular antiferromagnets with locally broken inversion symmetry and 
drives the neighboring DWs approach to each other and annihilates them, strongly hindering 
their applications. Furthermore, other methods such as temperature gradient and spin wave 
driven DWs motions seem to be schemes with more theoretical sense rather than realistic 
sense, which are hard to be realized in experiments. Thus, finding new energy-saving methods 
of controlling the AFM DWs is still of great importance for future applications. 
Fortunately, the voltage-controlled magnetic anisotropies have been experimentally 
revealed in magnetic heterostructures,18-22 and anisotropy gradients can be obtained through 
elaborately structure design. Interestingly, under such a gradient, the AFM domain wall (DW) 
tends to move towards the low anisotropy side to save the system energy. More importantly, 
comparing with the electrical current driven schemes generating considerable Joule heat, the 
voltage driven scheme is certainly more energy-saving and also works for insulators. As a 
matter of fact, the anisotropy gradient has been proven to efficiently drive the skyrmions 
motion,23-25 which could be also utilized to control the AFM DWs. However, AFM DW 
dynamics under anisotropy gradient has not been reported, as far we know. Thus, this subject 
urgently deserves to be investigated numerically and theoretically in order to promote the 
application process for AFM spintronics, noting that the current technical limitation of 
experiments hinders a systematically study of AFM DW motion. 
In this work, we study the anisotropy gradient driven AFM DW motion in AFM 
nanowires. The velocity depending on the gradient and intrinsic physical parameters are 
simulated based on the Landau-Lifshitz-Gilbert (LLG) equation and also deduced by the 
energy dissipation theorem. It is observed that the DW moves at a nearly constant velocity for 
small gradients, while accelerates for large gradients due to the enlargement of the domain 
wall width during the motion. Moreover, the calculated results are confirmed to be 
independent of the lattice dimension.  
 
Ⅱ. Model and method 
We study an one-dimensional AFM model with isotropic Heisenberg exchanges between 
the nearest neighbors and a uniaxial anisotropy term26 
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where J > 0 is the AFM coupling constant, Si = i /s represent the normalized magnetic 
moment at site i with the three components S
x 
i , S
y 
i and S
z 
i . The second term is the anisotropy 
energy with the easy axis in the z direction, and the anisotropy gradient is introduced by d
z 
i  = 
d0 + i  Δd where Δd describes the gradient magnitude. The AFM dynamics is investigated by 
solving the LLG equation based on the atomistic spin model,27,28 
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where γ = 1 is the gyromagnetic ratio, α = 0.002 is the Gilbert damping constant, Hi = 
−∂H/∂Si is the effective field. Unless stated elsewhere, the LLG simulations are performed on 
the lattice (lattice parameter a) with 1 × 1 × 400 spins with open boundary conditions using 
fourth-order Runge-Kutta method with a time step ∆t = 1.0 × 10−4s/J. The local staggered 
magnetization 2n = m1  m2 is calculated to describe the spin dynamics where m1 and m2 are 
the magnetizations of the two sublattices. After sufficient relaxation of the DW, the anisotropy 
gradient is applied to drive the DW motion, as depicted in Fig. 1.  
 
Ⅲ. Simulation results and discussion 
Fig. 2(a) presents the profiles of the DW at different times (t) for d0 = 0.01J and Δd = 6 ×
106J/a, which clearly demonstrates the motion of the DW under the anisotropy gradient. 
After a quick acceleration, the DW moves towards the lower anisotropy region with a nearly 
constant velocity. Moreover, the DW is rather robust and remains in its initial plane during the 
motion. The simulated DW position and energy as functions of time are shown in Fig. 2(b) 
which clearly demonstrates the decrease of the energy with the motion of the DW. 
Furthermore, the trajectory of n depends not only on its instantaneous position but also on the 
velocity.29 Thus, n tends to continue its path even after reaching the equilibrium position 
(along its effective field), resulting in the weak fluctuation of the DW energy.  
As a matter of fact, the motion of the DW can be qualitatively understood from the 
competition between various torques acting on the DW, as depicted in Fig. 2(c). In the 
absence of the anisotropy gradient, the DW structure is symmetric with respect to its central 
plane. The symmetry is broken by the consideration of the gradient. Specifically, for the two 
neighbors (SL and SR) of the DW central spin S0, the damping torque resulted from the 
anisotropy term on SL is smaller than that on SR, leading to the fact that SL deviates from the 
easy axis stronger. As a result, the damping torque on S0 from the exchange interaction with 
SR Г
d 
R is larger than that with SL Г
d 
L, resulting in the net damping torque ~ (Г
d 
R  Г
d 
L) which 
efficiently drive the DW motion to the low anisotropy region. Undoubtedly, the net driven 
torque increases with the increase of gradient, which significantly enhances the DW motion, 
as clearly shown in Fig. 2(d) which presents the simulated DW position as a function of time 
for various Δd.    
In order to uncover the physics more clearly, we calculate the velocity of the DW motion 
from the perspective of the energy conservation. First, considering that the DW motion 
originates from the dissipation of the DW energy EDW = 2(2Jdc)
1/2 with dc is the anisotropy 
constant on S0,
30 the Rayleigh dissipation function R = ṅ2dz/2 is introduced to describe the 
energy dissipation of the system,31 where  = s/γa is the density of the staggered spin angular 
momentum per unit cell, and ṅ represents the derivative with respect to time. Subsequently, 
according to the classical mechanics, we obtain 
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After performing necessary substitutions and simplifications, we obtain the velocity of DW 
motion under the anisotropy gradient, 
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where  = a(J/2dc)1/2 is the width of the DW. 
It is indicated in Eq. (4) that the velocity of the DW also depends on dc or d0, which has 
been confirmed in our simulations. Fig. 3(a) gives the simulated DW position as a function of 
t for various d0 for Δd = 4 × 10-6J/a. With the enhancement of the anisotropy, the DW motion 
is significantly suppressed. In Fig. 3(b), the simulated (empty dots) and calculated (solid lines) 
velocities as functions of Δd for various d0 are presented, which clearly shows that the 
simulations and calculations well coincide with each other especially for small Δd.  
The effect of the damping constant α on the DW velocity is also investigated, and the 
corresponding results are shown in Fig. 3(c) which gives the simulated and calculated 
velocities as functions of α for various Δd for d0 = 0.01J. It is noted that an enhanced damping 
term always lowers the mobility of the DW, and the velocity decreases with the increase of α. 
Furthermore, the DW width is simply considered to be a constant during the motion of the 
DW, which well describes the case of small Δd. However, for large Δd, the DW width is 
expected to increases with the motion of the DW toward the low anisotropy side, resulting in 
the additional acceleration of the DW motion. In order to better understand the acceleration 
behavior, we investigated the DW motion under huge anisotropy gradient Δd = 0.0003J/a. The 
simulated DW position and velocity are presented in Fig. 3(d), which clearly shows that the 
velocity linearly increases with t.  
So far, the anisotropy gradient driven DW motion has been studied based on the 
one-dimensional model. However, the results and conclusions also apply to AFM films and 
bulks, as shown in Fig. 4(a) which presents the simulated DW velocity as a function of Δd for 
various lattice dimensions for d0 = 0.01J and α = 0.002. All the curves are well consistent with 
each other especially under small Δd, indicating that the DW velocity hardly depends on the 
lattice dimension. This phenomenon can be qualitatively understood from the energy 
landscape. For a small Δd under which a rather robust DW is available, the spin configuration 
of the DW is almost the same as the static one. In this case, for every cross-section 
perpendicular to z axis, the neighboring spins still align antiparallel to each other, and the 
exchange energy is satisfied. Thus, the energy difference between neighboring unit cross 
sections only arises from the single-ion anisotropy term and remains unchanged for various 
dimensions, resulting in the invariant force density exerted on the DW. As a result, the DW 
dynamics is hardly affected by the lattice dimension. Specifically, for Δd/dc = 1 × 10-4 a-1 and 
α = 0.002, the velocity of the DW for NiO with the exchange stiffness A ≈ 5 × 10-13 J/m, a ≈ 
4.2 Å, s ≈ 1.7 B where B is the Bohr magneton is estimated to be ~ 100 m/s.     
At last, we check the dependence of the DW dynamics on Dzyaloshinskii-Moriya 
interaction (DMI) which may be available in some realistic materials.32,33 Here, the DMI 
energy ΣiDi(Si  Si+1) with Di = D(0, 0, 1) is considered, and the simulated results based on 
the LLG dynamics are presented in Fig. 4(b), where the v(D) curves upon various Δd are 
plotted. For a fixed Δd, v gradually increases with the increase of D, indicating that the DMI 
enhances the DW motion, similar to the earlier reports.34,35 When the DMI is considered, the 
DW energy decreases to EDW = 2(2Jdc  D2)1/2,36,37 resulting in the increases of the DW width 
and velocity for a fixed Δd. In detail, the DW width is increased to38  
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with 0 = a(J/2dc)1/2. Then, the velocity can be expressed as  
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In Fig. 4(b), the calculated curves from Eq. (6) are also plotted, which are well consistent 
with the simulated curves.  
 
Ⅳ. Conclusion 
In summary, we have studied the AFM DW motion under anisotropy gradient based on 
the one-dimensional model. The DW velocity depending on the gradient magnitude and 
intrinsic physical parameters are simulated based on the LLG equation and also derived 
theoretically based on the energy dissipation theorem. The DW is rather robust for small 
gradients and moves at a nearly constant velocity, while accelerates for large gradients due to 
the enlargement of the DW width during its motion. Moreover, the calculated results are 
confirmed to be independent of the lattice dimension. Interestingly, anisotropy gradient could 
be easily obtained through tuning electric voltage on particular heterostructures, and the 
modulation is expected to be more energy saving and with less Joule heat, comparing with 
those electric current driven methods. Thus, our work unveils a promising method of 
controlling AFM DWs, and does provide useful information for future spintronic applications.   
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FIGURE CAPTIONS 
 
 
FIG. 1. (color online) Illustration of a domain wall in antiferromagnetic nanowire in an 
anisotropy gradient. 
 
 
FIG. 2. (color online) (a) Profile of the DW at different times in the antiferromagnetic 
nanowire, and (b) the position and DW energy of the DW as functions of time for Δd = 6×
10-6 J/a and d0 = 0.01 J. (c) A schematic depiction of torques acting on DW spins under an 
anisotropic gradient, and (d) the position of the DW versus time for various Δd for d0 = 0.01 J. 
 
 
FIG. 3. (color online) (a) The position of the DW as a function of time for various d0 for Δd = 
4×10-6 J/a. The simulated (empty points) and calculated (solid lines) velocities as functions of 
(b) Δd for various d0 for α = 0.002, and (c) α for various Δd for d0 = 0.01 J. (d) The simulated 
DW position and velocity as functions of time for large Δd = 0.0003 J/a.  
 
 
FIG. 4. (color online) (a) The simulated DW velocity as a function of Δd for various lattice 
sizes, and (b) The simulated (empty points) and calculated (solid lines) velocities as functions 
of D for various Δd.  
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 FIG. 4. (color online) (a) The simulated DW velocity as a function of Δd for various lattice 
sizes, and (b) The simulated (empty points) and calculated (solid lines) velocities as functions 
of D for various Δd. 
